Abstract-We present a high-precision time-of-flight laser radar system based on energetic (∼ 0.6 nJ) sub-ns laser pulses produced with a semiconductor laser diode. The proposed device has a single-shot precision of <5 mm at an SNR of 10 and a maximum walk error <500 ps in the dynamic range 1:250. Sub-mm precision can be achieved in ranging by means of averaging. The proposed laser radar can be used for monitoring tiny vibrations in distant targets, for example.
I. INTRODUCTION
A PULSED time-of-flight laser radar operates by measuring the transit time of a short laser pulse sent to the target and scattered back to the receiver. The distance from the target can then be calculated based on the known velocity of light [1] . The precision of laser radars is improving constantly, and simplicity, cost and high measurement speed (since the target may be moving) are important factors that have paved the way for the use of TOF techniques in industrial applications [2] - [8] . The construction of a typical pulsed TOF laser radar system is shown in Fig. 1 .
Pulsed TOF laser radars typically use high energy pulses with lengths of 3 -5 ns, allowing a single-shot precision of a few centimetres [9] . This precision can be improved by averaging multiple single measurements, but of course at the expense of increased measurement time. For example, if a 10 kHz pulsing frequency is used (typical of high power avalanche-type pulsing devices) the averaging of 100 measurements takes 10 ms. The main factors limiting the precision are detection noise and the timing walk (walk error) caused by variation in the amplitude of the received echo pulse [9] . Due to the relatively wide laser pulse, the walk error needs to be compensated for in distance measurement applications where high accuracy is needed. However, in measurements where small changes in distance are to be detected on top of a long base distance, e.g. where measurements are affected by tiny vibration, the walk error compensation is not crucial, since the variation in the amplitude of the received pulse is small. When sub-cm single-shot precision is aimed at, the jitter in the timing detection should be minimized. It is well known that jitter is proportional to the ratio of the receiver noise to the slew rate of the timing signal [10] . The rise time of the laser pulse in typical radars using 3 -5 ns pulses is of the order of a few ns, but if the laser diode is driven into the gain switching mode, a significantly shorter pulse (∼ 100 ps) with a lower energy level (<0.1 nJ) can be produced [11] , [12] . It has been shown recently, however, that it is possible to markedly enhance the gain switching by increasing the equivalent spot size (d/gamma) of the laser diode. As a result, laser pulses with an energy of >1 nJ (10 W) and length of ∼ 100 ps were produced with pulse current drive parameters of ∼ 10 A/1 ns/100 kHz [13] , [14] .
The goal of the present pulsed TOF study was to use this high-speed sub-ns transmitter to achieve sub-mm precision when measuring distances from passive targets. The interest lay in trying to detect small distance variations (e.g. vibrations in a machine) from a distance away. On the other hand, the short laser pulse width (= short probe length) enables better resolve double echoes which are produced when part of the laser beam hits a second, more distant target in addition to the primary one. An Avalanche Photo detector (APD) is typically used as the detector component in laser range-finder applications, due to its internal gain [15] . A silicon-based CMOS APD device would offer low cost, fast response and the possibility of integrating the detector with the receiver and other electronics on the same chip, but its responsivity is markedly lower than that of specialized commercial photodetectors [16] . The measurements in this work, were made mainly using a discrete APD, but a CMOS-based APD chip was also tested for asses its usability in pulsed TOF ranging.
The paper is organized as follows: Section II describes the design principles and background theory, after which the construction of a laser radar device is explained in section III. Section IV presents the measurement results and an evaluation of the performance of the range finder. Conclusions are drawn in section V.
II. DESIGN PRINCIPLES AND SUB-ns DETECTION
Typical pulsed TOF laser radars intended for industrial applications use a laser diode transmitter producing high power (>10 W) pulses with a typical length of <5 ns (FWHM). The pulse length is limited to the nanosecond range due to the limitations of high-current (peak current >10 A), high speed drivers [17] , [18] . However, a number of special gainswitched laser constructions have been suggested which can produce energetic sub-ns range pulses [19] , [20] . In particular, 'enhanced gain switching'-based constructions are capable of producing laser pulses with an energy level of ∼ nJ and a pulse width of ∼ 100 ps [13] , [14] , [20] .
The laser diode transmitter used here had a MOSFET current driver and a quantum well GaAs/GaAlAs laser diode working in the enhanced gain switching regime [21] . This produces optical pulses with a peak power of 6 W and a pulse width of ∼ 100 ps. A discrete APD is used as the photo-detector of the laser radar because of the high sensitivity attributable to its internal gain. The sensitivity is reduced with fast pulsing due to the limited bandwidth, as shown in [16] , but it was still measured to be about 10 A/W. When detecting sub-ns pulses, the bandwidth of the receiver should be matched accordingly. For a pulse width of 100 ps (FWHM), for example, a bandwidth of ∼ 3.5 GHz (BW = 0.35/tr) would be needed. The limited speed of the APD (width of the impulse response ∼ 300 ps) nevertheless restricts the bandwidth requirement of the receiver to the GHz range. In this work, the bandwidth of the receiver channel was set to ∼ 700 MHz, being limited by the technology used in the proposed receiver configuration. Note, however, that even though the bandwidth is lower than optimum, the effect on the jitter is only minor, since a higher bandwidth would increase the noise as well. The responsivity of a CMOS APD is low compared with a discrete one, but due to its speed and integration possibility, this is an interesting detector option for a laser range finder using sub-ns pulses. For this reason, even though a commercial discrete APD (AD100-8 SMD from First Sensor) was used in the majority of the measurements, the usability of a CMOS APD was also tested by replacing the discrete APD with a standalone CMOS APD chip (realized in 0.35 μm CMOS technology) for some measurements.
The radar equation, giving an estimate for the received power, can be written for a non-cooperative (Lambertian) target as
where P (Z ) is the power of the receiver aperture as a function of the distance Z, P 0 is the optical power of the transmitter, A r is the area of the receiver optics, ε is the reflectance of the diffuse target and τ is the efficiency of the optics [22] . The radar equation enables one to optimize the performance of the system and to seek the optimum balance in the design parameters. This will enable estimation of the signal current used in detection, so that the signal-to-noise ratio and valid distance measurement range can be calculated. For example, the responsivity of the APD and the input-referred noise of the TIA obtained here for the receiver are 10 A/W and 450 nA (rms), respectively, meaning that primary signal current of about 450 nA in the detector will give an SNR of 10 for the receiver (where SNR is defined as the ratio of the peak signal current to the input-referred total noise current of the preamplifier). From (1) we can calculate that for a typical 6 W pulse from the above-mentioned laser diode transmitter, a receiver aperture of 20 mm, optics efficiency of 0.7 and a target having ε = 0.1, the maximum achievable distance measurement range is ∼ 10 m.
As already mentioned above, jitter is proportional to the ratio of the receiver noise to the slew rate of the timing signal [10] :
Thus, as the rise time of the pulse decreases, the jitter will decrease as well if the SNR remains the same. The jitter directly affects the single-shot range precision of the laser radar (σ R ).
There can be wide variations in the power of the received echo (the amplitude of the APD response) in TOF-based laser radars, and this causes the shift for the detection moment of the pulse resulting a systematic error. This is usually called timing walk [9] . Several techniques for compensating for the walk error have been presented, see [23] - [27] and the references therein, but it is quite obvious that the inherent walk error will be lower with shorter laser pulses, as illustrated in Fig. 2 .
One challenge in TOF-based laser ranging is the change in the shape of the echo according to the orientation of the target. In extreme cases even multiple echoes can be detected, as is shown in Fig. 3 , where the laser spot is split in half at a sharp edge on the target. In the case illustrated in Fig. 3 the pulse shape grows wide depending on the depth of the step in the target. When the step is deep enough, two different pulses reflect from the target (each half of the spot). Thus, it depends strongly on the width of the pulse as to how short the distance differences are that can be resolved with the radar. The situation shown in Fig. 3 is one in which the edge can be identified with a sub-ns pulse, and it also illustrates the situation with a wider pulse when identification is not possible.
III. CONSTRUCTION OF THE LASER RADAR
The laser radar constructed here consists of a receiver APD detector (discrete: diameter 100 μm, CMOS: 20 μm × 40 μm), paraxial optics, a laser transmitter and the receiver electronics, including the receiver channel, time-to-digital converter (TDC) and controlling FPGA board. A block diagram of the system device is presented in Fig. 4 .
The laser radar has a transmitter using a MOSFET-based driver presented in [21] . This is a compact pulser emitting ∼ 0.6 nJ/100 ps pulses up to a pulsing frequency of over 100 kHz. The high pulsing frequency is achieved using a MOSFET transistor in the pulsing device instead of an avalanche transistor with a high on-voltage. The laser diode is based on a quantum well structure with a cavity length of 1.5 mm and an emitting stripe width of 30 μm [20] . The schematics of the driver are presented in Fig. 5 and a photograph of the laser transmitter is shown in Fig. 6 . The light emitted by the laser diode was focused on the fibre carrying light to the transmitter optics.
The receiver uses paraxial optics in which the focal lengths of the transmitter and receiver optics are 30 mm and 20 mm, respectively. The receiver aperture is 20 mm. The diameter of the optical fibre used in focusing the transmitter was 50 μm, which leads to a spot size of ∼ 3 mm at a distance of 2 m. The optics used here are shown in Fig. 7 .
The receiver channel circuit was fabricated in a 0.18 μm HVCMOS technology and included a transimpedance preamplifier, a post-amplifier and a timing comparator which discriminates the timing signals from the leading and the trailing edges, giving two stop pulses (Stop 1 for the leading edge of the pulse and Stop 2 for the trailing edge) [28] . Both edges are discriminated, which in principle also allows walk error compensation. The bandwidth of the receiver is ∼ 700 MHz and the equivalent transimpedance ∼25 k. The input referred noise current is approximately 450 nA with a discrete APD at the input [28] . The transimpedance amplifier and the comparator use a 1.8 V supply voltage, but thanks to the high voltage (HV) design, the internal level shifters giving a 2.5 to 5 V output are located in the chip and can thus be used with a time-to-digital converter (TDC) using a supply voltage of 3.3 V. A photograph of the receiver channel chip is shown in Fig. 8 .
The time interval measurements circuit, as presented in detail in [29] , is a multichannel TDC implemented in a 0.35 μm technology and giving a timing resolution <10 ps. The supply voltage of the TDC is 3.3 V and a block diagram is shown in Fig. 9 . The data obtained from the TDC (18 bytes per measurement) are transferred to an FPGA interface by 8 parallel lines. The FPGA board also resets the comparators after reading the TDC data, so that the laser radar device is ready for the next measurement. The FPGA board is controlled by the computer's test software.
IV. MEASUREMENTS
The measurements were carried out using a sheet of white paper with diffuse reflectance of ε ∼ 1 as the reference Fig. 10 .
Laser pulse shape probed with a high speed optical probe (New port 1434-50). target. The shape of the laser pulse as measured with a highspeed optical probe (∼ 25 GHz) is shown in Fig. 10 , and the response of the receiver channel is depicted in Fig. 11 . The pulse in Fig. 11 was probed from the output buffer of the receiver when measuring a distance of 6 m. The input-referred detection noise was 450 nA so that the noise level at the output of the receiver was 11.5 mV when the transimpedance of the channel was 25 k. The pulse of amplitude 400 mV in Fig. 11 corresponds to an SNR of 36. The measurement is the average of 1,024 measurements, so that the noise level is attenuated. There is, however, a periodic crosstalk bounce after the pulse which originates from the comparator reset and does not affect the results.
The single-shot jitter of the rising edge of the detected pulse was measured by sweeping the amplitude of the laser pulse with a variable neutral density filter. The jitter recorded with three detection thresholds can be seen in Fig. 12 . The threshold levels are shown as SNR (blue: 80 mV, SRN = 7, red: 126 mV, SNR = 11 and green: 195 mV SNR = 17). The results show an improvement in the jitter as a function of signal amplitude (and thus SNR), and a jitter saturation towards the bottom value restricted by the jitter of the TDC (10 ps). The y axis on the right shows the corresponding range jitter. Note also that the jitter at a low signal SNR is somewhat higher for a higher threshold (e.g. V th is equivalent to SNR = 17), than for lower thresholds, on account of the decreasing signal slew rate near the peak of the signal pulse.
The walk error was measured by sweeping the amplitude of the laser pulse from SNR = 10 to SNR = 2,500 (setting the comparator threshold at SNR = 7). The high SNR of 2,500 corresponds to a signal current of ∼ 1 mA, which is well beyond the linear range of the preamplifier. Note, however, that this does not destroy the leading edge timing discrimination. Also, external cross-coupled Schottky diodes are used to limit the input current to the preamplifier and to speed up its recovery from the transient. The measured walk error can be seen in Fig. 13 . It is measured by sweeping the echo amplitude trough the dynamic range of 1:250 and the Fig. 13 shows the shift of the timing moment as a function of echo amplitude. Timing walk is a notable source of error in TOF-based laser ranging when measuring distances within a wide dynamic range of echo pulses, and with the transceiver presented here it is ∼ 500 ps (7.5 cm in distance) with a linear dynamic range of the received echo amplitudes of 1:250. This error is markedly lower than that typically achieved in a pulsed TOF laser radar using a conventional ns-scale pulse width, e.g. ∼ 2.5 ns walk error with a ∼ 3 ns laser pulse [1] , [4] or ∼ 1.7 ns with an ns pulse [23] . Although the walk error is usually compensated for, it is of less importance in this particular case, where the vibration of the surface is mainly targeted and the echo amplitude is high and relatively constant.
The precision of the system with respect to distance measurement is demonstrated in Fig. 14 . The target, with a step-like profile (2 mm in height), was moved vertically (total movement 2.5 cm) with regard to the optical axis of the laser radar while the radar was continuously measuring the distance. The diameter of the laser spot at a distance of 2 m was around 3 mm. Single-shot measurement results were recorded at a pulsing rate of 24 kHz. Fig. 14 a) shows the measurements without averaging (single-shot) and b), c) and d) the averaged results of 10, 100 and 1,000 single-shot measurements, respectively. It can be seen that sub-mm precision can easily be achieved for a high signal level (SNR ∼ 2,000) by means of averaging. Averaging increases the measurement time and, as 24 kHz was used as the pulsing frequency, 100 measurements correspond to ∼ 4 ms in measurement time. On the other hand, the transmitter enables one to use a pulsing rate of up to 100 kHz, which corresponds to a measurement time of 1 ms. In conclusion, sub-mm precision can be achieved for relatively rapidly vibrating surfaces. The vibrating surface was simulated by recording the distance of an eccentric round target rolled by an electric motor at a base distance of 2 m. The vibration frequency and amplitude were 10 Hz and ∼ 1.5 mm, respectively. The results for single-shot measurement and for the averaging of 10, 100, and 1,000 successive results are shown in Fig. 15 a) , b), c) and d).
The pulse probed from the output buffer of the receiver when measuring the distance to a white paper target 1 m away when the discrete APD detector was replaced with the standalone CMOS APD is to be seen in Fig. 16 . The detector details are presented in [16] and [30] . The reverse bias voltage was set at 18.9 V (close to the breakdown point) in order to maximize the response (but without any notable rise in noise level). The measured pulse response shown in Fig. 16 demonstrates a peak amplitude of ∼ 200 mV, and a responsivity of ∼ 0.3 A/W (18.9 V bias) for the CMOS APD can be calculated from (1). That very much lower than with the discrete APD (∼ 10 A/W), of course, but it does allow the echo pulse to be detected. In reality, as the CMOS APD could be constructed as an on-chip device, the noise of the receiver channel would also be reduced due to the lower input capacitance.
The light spot (of finite size) in a TOF-based laser radar may be split when hitting the edge of the target, and thus two echo pulses could be received (see Fig. 3 ). When using typical pulse widths of 3-5 ns, the minimum resolvable distance that can be observed is matter of several metres, but it was obviously shorter with the sub-ns pulse and laser radar used here. The situation for two observed echo pulses is illustrated in Fig. 17 . The distances of the two objects in the case shown in the figure were 4.5 m and 5 m (a step of 0.5 m) and the result indicates that the objects can be resolved. The minimum resolvable distance is reached when the echo pulses exceed the zero level (or the comparator threshold) between the two pulses, which would be around 0.4 m with this setup.
V. CONCLUSION
The hardware (HW) of the TOF-based laser radar using sub-ns laser pulses presented here consists of a MOS-based laser diode transmitter generating ∼ 100 ps 0.6 nJ laser pulses, receiver electronics including a full-custom 0.18 μm HVCMOS receiver channel, a full-custom 0.35 μm CMOS TDC and an FPGA-based control board.
The walk error of the radar is ∼ 500 ps within the dynamic range of 1:250, and the jitter of the leading edge of the detected pulse is limited by the TDC to ∼ 10 ps at a high signal-tonoise ratio. The key result of this work is that it demonstrates sub-mm precision with a relatively short measuring time. For example, it was shown that perpendicular vibration with an amplitude of 1.5 mm at a frequency of 10 Hz can be reliably observed. The measurement speed of the current realization is limited by the pulsing rate of 24 kHz, but this is not a fundamental limit and can be increased above 100 kHz even with a 10 W peak pulse power level [20] , [21] .
The CMOS APD tested as a detector component for the receiver can be used successfully in a pulsed time-of-flight laser radar when measuring short distances or using good reflectors as targets. This is an interesting option for a detector, since it can be integrated multiply on the same die as the receiver and the rest of the electronics.
The good jitter properties of the present laser radar are due to the high speed of its pulse, and the short pulse width gives an additional advantage of enabling the resolution of better targets that are close to each other and under the laser beam. On the other hand, the optical energy is also lower (as compared with a pulse width of 3-5 ns), limiting the maximum range. An interesting compromise would then be to use a high equivalent spot size to increase the front edge speed of the laser pulse and drive the laser diode to a quasisteady mode with a resulting optical pulse width of ∼ 1 ns, for example. This would give a good combination of high singleshot precision and sensitivity due to the improved signal-tonoise ratio.
For future improvements an increase in receiver bandwidth would improve the walk and jitter properties, but it would also need a TDC with better single-shot precision. Integrating the CMOS APD and the receiver electronics on the same chip would reduce the jitter due to the faster detector and lower input capacitance (wider achievable bandwidth), but only at the cost of reduced sensitivity.
